Magnetite nanoparticles are synthesized by thermal decomposition of Fe(acac)3 and subsequently coated with a silica shell exploiting a water-in-oil synthetic procedure.
Introduction
Polymer nanocomposites have drawn much attention in the last years due to the synergistic combination of advantages deriving from their organic and inorganic constituents. The exploitation of the intrinsic properties of the polymeric matrix (flexibility, ductility etc.) and the nanofiller (hardness, electrical, magnetic and optical properties) makes them appealing candidates for many applications such as coatings, inks and specialty plastics [1] [2] [3] [4] [5] . In particular, magnetic nanocomposites could broaden their applicability range to magnetic sensors and actuators [6] , catalysis [7] , magnetic shape memory polymers [8] and electromagnetic shielding [9] .
Among the various curing processes, UV-triggered radical polymerization represents an economic, fast and non-toxic method [10] , especially for coatings. Many papers deal with the good photocurability of polymeric systems containing non-pigmented nanoparticles, such as SiO2. The high particles content of these nanocomposites does not strongly preclude good polymerization kinetics and can often lead to advantageous changes in properties such as Young's modulus [11] , Vickers hardness [4] , refractive index [12] , polymerization shrinkage [13] and viscosity [14] .
On the contrary, the photopolymerization process of magnetic nanoparticulate systems is highly hindered by the presence of pigmented particles, which reduce the light accessibility of the photoinitiator thus strongly inhibiting the radical formation process [15] . For this reason, a major drawback of photocurable polymeric composites containing magnetic nanoparticles is represented by the maximum particle volume content (a few vol% [6] ) that can be achieved while preserving satisfactory polymerization rate and final conversion. In other words, high contents of magnetic particles can be attained only at the cost of drastically decreasing the composite film thickness [6] . As a matter of fact, UV curing of magnetic nanocomposites is limited to very thin films or low particle contents.
In this paper, we compare two different nanocomposites based on the same hyperbranched acrylated polymeric matrix (HBP): one containing bare Fe3O4 nanoparticles (NPs) whereas the other loaded with Fe3O4@silica core-shell nanoparticles. We highlight that, for equal concentrations, a much faster and complete curing process takes place when core-shell nanostructures are employed, paving the way to the inclusion of much higher particle volume contents compared to those attainable employing bare nanoparticles. Moreover, due to the high filler concentration, the as-formed nanocomposites show remarkable magnetic properties, although the silica shell may have a slight detrimental effect on the magnitude of the magnetic response.
Experimental

Materials
Iron (III) acetyacetonate (Fe(acac)3, 99+%) and benzyl ether (99%) were purchased from Acros. Oleylamine (Tech.70%), polyoxyethylene(5)nonylphenyl ether, branched (Igepal CO-520) and ethanol (≥99.5 %) were purchased from Aldrich. Cyclohexane (p.A.) was purchased from Applichem. Ammonia solution (25% min) and tetraethyl orthosilicate (TEOS, ≥99%) were purchased from VWR and Merck, respectively. The hyperbranched polyester acrylated oligomer (characterized by a functionality of 16, a density of 1.13 g cm -3 and a glass transition temperature in cured state of 165 °C) was purchased from Sartomer (commercial name CN2302). The photo-initiator (2,4,6-trimethylbenzoyldiphenyl phosphine oxide) was purchased from BASF (commercial name Lucirin TPO). All products were used as received without any further purification.
Synthesis of Fe3O4 nanoparticles
To synthesize Fe3O4 nanoparticles, the procedure reported by Xu et al. [16] was followed with minor modifications. In a typical synthesis of ∼6 nm Fe3O4 NPs, Fe(acac)3 (6 mmol) was dissolved in 30 mL of benzyl ether and 30 mL of oleylamine.
After having been dehydrated at 110 °C for 1 h under N2 atmosphere, the solution was heated to 260 °C and aged at this temperature for 1 h. The resulting black solution was then allowed to cool down to room temperature, and 100 mL of ethanol were added to precipitate the nanocrystals. Nanoparticles were hence separated by centrifugation and dispersed in cyclohexane.
Synthesis of Fe3O4@silica core-shell nanoparticles
In a typical synthesis of ∼25 nm Fe3O4@silica NPs, 3 ml of the solution of oleylamine-coated Fe3O4 NPs in cyclohexane (∼15 mg/ml) were added to 420 ml of cyclohexane and mixed with 21 ml of Igepal CO-520. The pH was adjusted to ∼10 through the addition of ammonium hydroxide (25%) and the formation of a transparent brown microemulsion was ensured with the aid of a sonicator. Then, 1.2 ml of TEOS were added and the reaction was stirred at room temperature for 48 h.
Subsequently, the reaction mixture was washed with ethanol and particles underwent different cycles of centrifugation and redispersion to remove the surfactant. Finally, nanoparticles were dried under vacuum.
Preparation of polymer-magnetite nanocomposites
First, the photo-initiator (6 wt%) was dissolved in the HBP at 65 °C and stirred for 15 min. The selected amount of Fe3O4 suspension in cyclohexane was then added to the HBP and the mixture was stirred for one hour at room temperature. The solvent was evaporated under vacuum until no more weight variation of the suspension was detected. Nanocomposites containing core-shell nanoparticles were prepared mixing a certain amount of dried Fe3O4@silica NPs in the HBP and promoting their dispersion with the addition of a small amount of hexane. The mixture was then stirred for one hour at room temperature and sonicated for another hour. The solvent was hence evaporated under vacuum until no more weight variation of the suspension was detected. The effective nanoparticles content of the different formulations was calculated starting from the weight residual as from TGA experiments and converting it to particle volume % through the densities of the various components.
NPs and nano-composites characterization
The morphology of the magnetic nanoparticles and the silica-coated magnetic nanoparticles were characterized using a Philips/FEI CM12 microscope at an To analyze the solid UV-cured films, 80 nm-thick slices were cut at room temperature using a Leica microtome and a Diatome Cryo 45° diamond knife and deposited on carbon filmed copper grids (200 mesh, Plano GmbH).
The curing process was investigated by Real-Time FT-IR analysis (RT-FTIR). The formulations were coated onto a silicon wafer by using a wire-wound applicator (film thickness of 100 µm). A medium pressure mercury lamp (Hamamatsu LC-8) equipped
with an optical waveguide was used to induce the photopolymerization at room temperature (UVA intensity on the surface of the sample around 20 mWcm -2 ).
Acrylic double bond conversion as a function of irradiation time was investigated using a Thermo-Nicolet 5700 instrument and samples were exposed simultaneously to UV light and to the IR beam. Acrylic double bond conversion was followed by monitoring the decrease in the absorbance of the C=C double bond centered at 1610 cm -1 . The signal decrease was normalized with the carbonyl peak centered at 1760 cm -1 and the percent conversion (α) of C=C bond was calculated by the equation (1) [17]
(
where and are the relative absorbance of C=C bonds before curing and at a given curing time t, respectively.
UV-vis analyses were performed using a JASCO V-670 in the spectral range between 200 and 800 nm. The formulations were coated onto a quartz wafer by using a wirewound applicator to maintain a film thickness of 50 µm.
Determination of the crystalline phase of the iron oxide nanoparticles was done by means of a X-ray diffraction analysis using a PANalytical MPD Pro diffractometer with Cu Kα radiation source (1.54 Å).
Thermo Gravimetric Analysis (TGA) was performed with a Mettler TGA/DSC under air at a constant heating rate of 10 °C/min.
Magnetization loops of bare Fe3O4 NPs and of Fe3O4@silica core-shell NPs in powder form were measured at T = 100 K, 200 K and 295 K by means of a Vibrating Magnetometer (AGFM) operating in the ±15 kOe field range.
Results and Discussion
Fe3O4 nanoparticles
The transmission electron microscopy (TEM) image of Fe3O4 NPs is shown in Figure   1a . 
where k (Scherrer constant) was assumed to be 0.9, λ is the radiation wavelength (0.154 nm), B is the full width at half maximum (in radians) and θ is the Bragg angle.
The calculated mean crystallite size resulted to be ≈ 6 nm, in very good agreement with the value obtained by TEM analyses (5.65 nm). [19] .
Isothermal magnetization curves of bare Fe3O4 NPs measured at three different temperatures are reported in Fig. 3 (left panel) . All curves are characterized by the absence of magnetic hysteresis and by a clearly non-saturating behavior at high fields.
High field magnetization values of 32, 31, 27 emu/g are observed at T = 100, 200, 295 K, respectively. These are fairly good values, even if much lower than the saturation magnetization of bulk magnetite (92 emu/g at room temperature [20] ). On the other hand, it is a well known fact that the saturation magnetization can be notably reduced in magnetite nanoparticles with respect to bulk specimens [21] because of the prominent role played by magnetic disorder entailed by surface magnetic anisotropy. The experimental curves can be easily fitted to Langevin functions; this feature along with the absence of measurable hysteresis should point to a nearly perfect superparamagnetic (SP) behaviour of bare NPs; however, this is not the case, because the scaling law predicted for SP nanoparticles is not followed, as clearly shown in Fig. 3 (right panel) where M/Ms is plotted as a function of the ratio H/T [22] . Ms was estimated by extrapolating the experimental curves for H ® ¥ using an approach-to-saturation law of the type M(H) = Ms-/H. 
Fe3O4@silica nanoparticles
TEM analyses on Fe3O4@silica core@shell nanoparticles evidenced a log-normal particle size distribution with a mean diameter of 25.61±1.58 nm (Figure 4a-b) . The morphology of the as-produced nanoparticles was more irregular than that of bare magnetite and in many cases more than one core was included within the same silica shell. For an average occupancy of 3 iron oxide NPs per each silica shell, a roomtemperature high-field magnetization value of 38 emu/g is estimated from Fig. 5 ; for an occupancy of 4 NPs, the estimate decreases to 29 emu/g; both values are comparable with the result for bare NPs, indicating that enclosure in the silica shell can have only minor effects on the intrinsic magnetization of our magnetite NPs.
Even in this case, the experimental curves can be easily fitted to Langevin functions;
the SP scaling law is much better followed than for bare NPs, although not yet perfectly (right panel of Fig. 5 ). This can indicate a reduced interaction with respect to bare nanoparticles; however, further magnetic measurements, including lower temperature loops and FC/ZFC magnetic susceptibility curves [23] are needed to ascertain the real nature of the magnetic response of both bare and core-shell NPs. The pristine acrylic resin shows a quite good reactivity towards the UV-induced radical chain-grow polymerization, reaching an almost acrylic double bond complete conversion after few seconds of irradiation.
The addition of the Fe3O4 NPs induced a severe reduction of both 7the filler was added in the photocurable resin, the final conversion decreased from 93% to 73%.
When 2 vol% of the filler was added, the final conversion reached only 58%. It was not possible to further increase the magnetite NPs since above 2 vol% the photopolymerization was hindered and a sticky film was obtained.
The decrease of acrylic double bond conversion by increasing the Fe3O4 NPs content can be explained through a competitive absorption between the photoinitiator and the inorganic particles in the UV region between 200 and 400 nm ( Figure 7) . The efficiency of the radical photoinitiator can be described by two quantum yields:
the quantum yields of initiation, which represents the number of starting polymer chains per photons absorbed, and the quantum yields of polymerization, which is the number of monomer units polymerized per photons absorbed. Therefore, it is clear that the competition in absorption with the inorganic filler implies a decrease of the photons absorbed by the photoinitiator. This can lead to a decrease of quantum yields and therefore to a lower photopolymerization rate and acrylic double bond conversion.
In order to add a higher NPs content in the photocurable formulation, Fe3O4@SiO2
NPs were synthesized. When the core-shell NPs are dispersed into the acrylic resin a good reactivity is preserved up to a particle content of 12 vol%. When 4 vol% of Fe3O4@SiO2 NPs are dispersed into the acrylic resin, the final conversion decreased from 93% to 88%. Adding 8 vol% of the filler, the final acrylic double bond conversion underwent a minor drop to 84% with just a slight decrease of the slope of the conversion curve with respect to the pristine HBP. Compared to the formulations containing bare magnetite particles, the employment of core-shell structures allowed a nearly 10-fold increase in filler volume fraction. This behavior is in agreement with the UV-Vis spectra (Fig. 7) , which show a lower competitive absorption in the UV-region by the core-shell particles in comparison to the bare Fe3O4 NPs, therefore assuring a higher photo-efficiency in the same irradiation conditions and preserving satisfactory polymerization rate and final conversion.
The much faster and complete curing process that takes place when core-shell nanostructures are employed can be attributed to the optical properties of the filler.
A certain contribution to the improved photocurability of the system containing silica- (1)
where ni and Vi are the refractive index and volume fraction of the individual components, respectively. As can be seen, the condensation of a silica shell around magnetite cores generates fillers with a refractive index almost matching that of the matrix, allowing to increase the filler volume fraction ϕp towards values which could have not been reached employing higher refractive index particles (e.g. magnetite NPs).
The same reasoning can be applied in order to explain the improved light transmittance of the systems containing Fe3O4@SiO2 NPs compared to those filled with bare Fe3O4 NPs. Indeed, the UV-Vis spectra show a complete transparency of the photocured formulation containing Fe3O4@SiO2 NPs in the visible region, while the bare Fe3O4 NPs strongly decreased the transparency of the crosslinked film in the same spectral portion (see Figure 8 ). The choice to employ core-shell NPs has shown to be successful in order to increase the filler load while keeping a good photo-curability and film transparency.
UV-cured films
TEM micrographs of the UV-cured films containing 0.7 vol% of bare Fe3O4 NPs show a uniform dispersion of the magnetic filler in the polymeric matrix (Figure 9a ).
On the contrary, as soon as the concentration is raised to 2 vol% (Figure 9b) agglomeration between particles becomes important, hindering the transparency of the film and therefore precluding a good polymerization rate and final conversion. Concerning the films containing core-shell nanoparticles, TEM micrographs show that at low particle volume fraction the dispersion (Figure 10a ) is not as good as in the case of the film filled with bare magnetite particles, probably due to the fact that bigger agglomerates are formed during silica condensation. However, the number and dimension of the aggregates don't increase when higher loadings are reached and a quite constant dispersion is maintained (Figure 10b-c) . This effect can be explained by recalling that the Van der Walls force between nanoparticles is linearly dependent on their Hamaker constant. The Hamaker constant of silica being significantly lower than that of magnetite [26, 27] , the attractive force exerted by magnetite particles between one another is, for the same interparticle distance, higher than that generated between silica-coated particles. The room temperature magnetization curves of these two nanocomposites are reported in Fig. 12 (left panel) . The host polymer only contributes a weak diamagnetic signal to the total curve, as observed comparing the magnitude of the magnetic response of both loaded films (black/red symbols) with the one of an unloaded film (green symbols); the small diamagnetic signal has been subtracted from the data reported in Fig. 12 for both nanocomposites. The magnetic response of the film containing core-shell NPs is comparable with the one of the material containing bare NPs, as expected on the basis of the similar iron oxide content in the two films; in addiction, the two curves have exactly the same shape and behavior, as checked by plotting the normalized magnetization M/(H)/M15kOe (right panel of Fig. 12 ). This means that the silica shell has basically no influence on the overall magnetic response of our NPs. Actually, the magnitude of the magnetic response in the film containing core-shell NPOs is slightly lower than in the other film. This can be explained either by invoking a role of the silca-magnetite interface, where spin disorder at the surface of the magnetite core can be enhanced by the surrounding silica shell, or by considering that the individual magnetic moments of different magnetite NPs within the same silica shell can be antiferromagnetically coupled by dipolar interaction [28] , decreasing the total apparent moment per core-shell nanoparticle. It is not possible to discard either model on the basis of a room temperature measurement alone;
performing magnetic measurements down to low temperatures and up to larger fields will possibly help selecting the most accurate picture. Moreover, the presence of the silica shell is not only beneficial for the light accessibility of the photoinitiator, but it is also believed to be useful in order to add functionalities to the system. The ease with which silica can be functionalized could be exploited for many purposes. For example, an appropriate functionalization of the silica shell with sterically hindering or electrostatically charged groups could further improve the dispersion of the filler allowing to reach even higher particle volume fractions without facing the aggregation problem. Moreover, the magnetic response of the nanofillers could be exploited in order to concentrate the nanoparticles in specific regions of the film through magnetophoresis processes and generate materials with a continuous gradient of mechanical and magnetic properties.
Conclusions
The usage of Fe3O4@SiO2 NPs for the synthesis of magnetic polymeric films through a fast and non-toxic photo-polymerization process has shown to be effective towards the inclusion of nearly 10-times higher particle volume fractions compared to formulations including bare magnetite particles (8 vol% compared to 0.7 vol%). The final conversion of formulations containing bare magnetite NPs dropped below 70%
already at particle volume fractions as low as 1 vol%, whereas systems filled with core-shell NPs evidenced a remarkable 84% final conversion even at a filler content of 8 vol%. At the same time, transparency of the UV-cured films in the visible region of the spectrum was highly improved in the case of the systems containing core-shell structures. Magnetic measurements pointed out that the system containing 8 vol% of core-shell particles had a similar magnetic behavior of that containing 0.7 vol% of bare magnetite nanoparticles (magnetization at 15000 Oe around 1 emu per gram of nanocomposite) indicating that the silica shell has little effect on the magnetic properties of magnetite cores, even if each shell typically hosts more than one magnetic core. As a matter of fact, core-shell magnetic nanofillers give rise to a much wider range of applications compared to bare nanoparticles without renouncing their magnetic properties. In particular, differential diffusion of core-shell nanoparticles sustained by magnetic field could be exploited to fabricate tailorable magnetic nanocomposites characterized by controlled composition gradients for prospective applications in medicine and ICTs.
